A new process for utilizing low grade zinc sulfide concentrate containing a large amount of iron as a zinc and iron resource has been developed in Korea. The process largely consists of oxidative roasting and reduction-volatilization processes. In this process, zinc is recovered as zinc oxide form in the gas phase and iron is concentrated as partially reduced iron oxide compounds in the residue phase. In the present work, a kinetic study on the oxidative roasting of low grade zinc sulfide concentrate rich in iron obtained after several mineral separation processes at Gagok mine in Korea was experimentally investigated. The experiments were carried out to understand the oxidative roasting process of the zinc concentrate over a temperature range of 998 to 1073 K under air using a thermogravimetric method. The oxidative roasting rate of the zinc concentrate was found to be relatively fast under the whole temperature range and almost 95% of sulfur contained in the concentrate was removed after the oxidative roasting at 1073 K for 20 min. Sulfur removal ratio as a function of time has been analyzed by using a spherical shrinking-core model.
Introduction
Zinc metal is produced world-wide from various zinc concentrates and secondary byproducts like lead slag, zinc ash and dross, and EAF dust using hydrometallurgical or pyrometallurgical processes. Among them, more than 80% of the world's zinc metal output has been produced from zinc sulfide concentrates using hydrometallurgical process which consists of oxidative roasting, sulfuric acid leaching and electrowinning processes. 1) In general, it was known that the zinc sulfide concentrates produced over the world for the hydrometallurgical zinc product are high grade concentrates containing 50-55% for zinc and 1-10% for iron. 1) However, natural zinc sulfide concentrates are becoming more and more complex and low grade since the sources of clean deposits are progressively depleted. As an example, low grade zinc sulfide concentrate containing about 28% zinc and 21% iron has been recently obtained after several mineral separation processes at Gagok mine in Korea. At the present time in Korea, zinc sulfide concentrates for the hydrometallurgical zinc product are totally imported from abroad. In the hydrometallurgical process, however, low grade zinc sulfide concentrates containing over 10% iron cause serious difficulties at the leaching and cementation processes. [1] [2] [3] [4] Therefore, it would be highly desirable to find an alternative process for a more effective resourcing of such low grade zinc sulfide concentrates, especially when they contain large amount of iron. Technology exists to product zinc from such low grade zinc sulfide concentrates. That is the imperial smelting process (ISP) which is one of the pyrometallurgical zinc product processes. At the present time, only two ISP plants are left in Europe. 1) However, the recovery of iron from low grade zinc sulfide concentrates containing large amount of iron by using the ISP is nearly impossible since the slag generated from the ISP contains 6-8% zinc and 0.5-1% lead which are very harmful elements in the steelmaking process. 5) Keeping these points in mind, the present researchers suggested a new process for a more effective resourcing of the low grade zinc sulfide concentrate produced at Gagok mine in Korea. Figure 1 shows the flow sheet of the suggested process to extract zinc and iron from of the low grade zinc sulfide concentrate, which largely consists of oxidative roasting and reduction-volatilization processes. The process contains the removal of sulfur by oxidative roasting, followed by the reduction-volatilization of the deadroasted concentrate in a furnace, i.e. the process treats the dead-roasted zinc concentrate to produce zinc oxide in the gas phase and partially reduced iron oxide compounds in the residue phase. Thus, the process has a benefit of extracting zinc and iron from low grade zinc sulfide concentrate.
Many researches for the oxidative roasting of zinc sulfide concentrate were performed. [6] [7] [8] [9] The oxidative roasting of zinc sulfide concentrate is one of the important processes in the common hydrometallurgical processes to produce zinc metal. In the roasting process, the sulfur in the zinc sulfide concentrate is removed at temperature around 1223 K and the zinc sulfide is converted to zinc oxide which is soluble in diluted solution of sulfuric acid. But, in spite of many researches related to the oxidative roasting of zinc sulfide concentrate, sufficient fundamental kinetic data on the oxidative roasting of low grade zinc sulfide concentrate are not available since natural low grade zinc sulfide concentrates are very complicate mineral. In addition, for an optimal design of the new process suggested like Fig. 1 in our research, a detailed investigation of the kinetics under sufficiently wide ranges of the process variables is necessary. Therefore, in the present work, a kinetic study on the oxidative roasting of the natural low grade zinc sulfide concentrate obtained from Gagok mine in Korea was experimentally investigated under isothermal condition in air using TGA equipment.
Experimental Work
Experiments on the oxidative roasting of low grade zinc sulfide concentrate were carried out in a thermogravimetic analysis (TGA) apparatus similar to the one described in the previous paper.
10) The apparatus consisted of a recording microbalance from one arm of which a shallow silica tray for holding low grade zinc sulfide concentrate was suspended by a platinum chain into an Inconel reactor tube located within vertical tubular furnace. By means of a gas delivery system, mass flow controllers of air and nitrogen were also used. The exit gas was cleaned by bubbling it through a 10% hydrogen peroxide solution in water to remove produced sulfur dioxide gas before being discharged. The gas temperature in the reactor was measured by chromel-alumel thermocouples. The heating rate was fixed at 8 K/min until the experimental temperature. A uniform temperature profile of AE4 K was achieved over 2 cm length of the reaction tube.
The experiments were performed at temperature ranges between 998 and 1073 K under air. A sample weight of about 500 mg (AE5 mg) of low grade zinc sulfide concentrate was used for each run. During heating, a steady flow of 16.7 mL/s of dry air was maintained through the reactor tube, the microbalance protected from sulfur dioxide and hot gases by flushing it with a dry nitrogen gas of 33.3 mL/s.
The morphological characterization of the samples was performed using a scanning electron microscope (SEM, JSM-6380LV, JEOL Ltd, Tokyo, Japan) equipped with an energy dispersive X-ray spectrometer (EDS, Link Isis 3.0, Oxford Instrument plc, Oxon, U.K.), the particle size distribution performed using a particle size analyzer (Marstersizer 2000, Malvern Instruments Ltd., Malvern, UK). Also, the XRD patterns were obtained using a X-ray diffractometer (Rigaku D-max-2500PC, Rigaku/MSC, Inc., TX, U.S.A.) with Cu K radiation ( ¼ 0:154 nm) operated at 40 kV and 30 mA. And, samples before and after the oxidative roasting were analyzed for Fe, Si, and S by wet chemistry and for Cu, Zn, and Pb by the inductively coupled plasma (ICP) method (JY-38 plus, Horiba Ltd, Kyoto, Japan).
Results and Discussion

Characterization of samples
A natural low grade zinc sulfide concentrate used was obtained after several mineral separation processes from Gagok mine in Korea. A chemical characterization of the low grade zinc sulfide concentrate, before and after being roasted, by wet chemistry and ICP methods was performed and Table 1 presents the chemical compositions. Table 1 shows the sample before being roasted mainly contains about 28.4% Zn, 21.4% Fe and 26.5% S and after being roasted at 1073 K for 20 min under air 0.5% sulfur is only remained in the roasted sample.
The particle size distribution of the low grade zinc sulfide concentrate and roasted product were also performed using a particle size analyzer. Table 2 present about 60% of the mass of low grade zinc concentrate has a particle size less than 22.9 mm, while the concentrate roasted at 1073 K for 20 min under air has about 70% of its mass less than 39.8 mm. These results suggest that during the oxidative roasting of the low grade zinc concentrate the agglomeration of particles slightly occurs at the roasting temperature of 1073 K which is the highest temperature considered in the study. This is probably due to the presence of lead, copper and silica which have the ability of sintering. XRD patterns of the natural low grade zinc sulfide concentrate before and after the roasting reaction are presented in Fig. 2 . As expected, the identified minerals for Zn and Fe were ZnS and FeS in the low grade zinc sulfide concentrate and ZnO, Fe 2 O 3 , Fe 3 O 4 and ZnFe 2 O 4 in the concentrate roasted at 1073 K for 20 min under air. Also, samples before and after the roasting were examined by SEM (Fig. 3) . The micrograph shows that the low zinc sulfide concentrate particles before the oxidative roasting are impervious as shown in Fig. 3(a) , while after being roasted at 1073 K for 40 min under air, the produced concentrate particles are quite porous as shown in Fig. 3(b) . It was thus guessed that the formation of metal oxides like zinc oxide and zinc-iron oxide compounds during the oxidative roasting begins at the outer particle surface as reported in the previous reseach.
11) However, it was very difficult to detect an interface dividing a zinc oxide shell from a core of nonoxidized zinc and iron sulfide since the size of the concentrate particles is relatively small. Figure 4 shows the TGA curve of the oxidative roasting of the low grade zinc sulfide concentrate obtained at a heating rate of 8 K/min under air atmosphere. As shown in Fig. 4 , the first weight loss of about 1.5% occurred in the temperature range 723-823 K. Although the reason was not detail investigated because of the complication of the natural low grade zinc sulfide concentrate used in the study, it was only considered that one of the reasons might be the oxidation reaction of FeS. After the first weight loss stage, two-stage decrease occurred in the temperature range 823-1023 K. The first weight increase might be mainly due to the formation of follow. The similar phenomenon was reported by the kinetic study of a zinc sulfide concentrate produced from Maidanpek deposit in Yugoslavia. 12) However, it was very difficult in the study to detect the XRD patterns of the sulfate compounds such as ZnSO 4 and FeSO 4 at the samples produced in the oxidative roasting period. This might be the reason that even though the sulfate compounds form in the period as shown in Fig. 4 , the amounts of the sulfate compounds produced are relatively small. It was thus considered in the oxidation reaction of the natural low grade zinc sulfide concentrate under air that the removal reaction of sulfur occurs mainly over 1023 K.
Interpretation of the rate data
Rate measurements for the oxidative roasting of the natural low grade zinc sulfide concentrate powder were carried out at temperature ranges between 998 and 1073 K under air. The experiments were continued until the initial input sample showed no noticeable further mass change. Kinetic analysis of the thermal data obtained was thus done in order to interpret the mechanism of the roasting reaction. In the present study, the removal ratio of sulfur from the natural low grade zinc sulfide concentrate at a particular time (X t ) during the oxidative roasting was defined as:
where X f is the total removal ratio of sulfur at finishing the oxidative roasting, W I is the initial weight (mg) of sample, W t is the weight (mg) of sample at a particular time, and W f is the weight (mg) of sample at finishing the oxidative roasting. Here, the rates were measured by minimizing the effects of external mass transfer by using a sufficiently high flow rate (16.7 mL/s) of air and small amount (495-505 mg) of natural low grade zinc sulfide concentrate, which was chosen through the preliminary experiments. The effect of reaction temperature on the oxidative roasting reaction rate was determined by varying the reaction temperatures between 998 and 1073 K under air, while all other experimental variables, such as sample mass and gas flow rate, were nearly identical for the measurement. The effect of reaction temperature on the oxidative roasting reaction rate is presented in Fig. 5 . These curves show that the removal ratio of sulfur increases with increasing the reaction temperature. It is also seen that almost 95% of sulfur was removed in 20 min at 1073 K.
In the present study, the removal ratio of sulfur until 0.90 was investigated for the kinetic analysis of the oxidative roasting reaction. The interpretation of the rate data was performed using a number of different rate equations including the nucleation and growth model and power law, from which spherical shrinking-core model with chemical reaction control proved to yield the best results. On the other hand, several researchers reported that the shrinking-core model was found to fit the reaction rate of sulfur removal for the oxidative roasting reaction of zinc sulfide concentrate. 6, 13) The applicability of this rate expression can be expected from the fact that the porous zinc oxide and zinc-iron oxide particles during the oxidative roasting reaction are formed as shown in Fig. 3(b) . In this rate expression, the removal ratio of sulfur is related to the oxidative roasting reaction time by 14) 1
where X is the removal ratio of sulfur, t is the reaction time (s), and k app is the apparent rate constant (s À1 ). It is apparent from eq. (2) that a plot of 1 À ð1 À XÞ 1=3 against t should be linear with k app as the slope. The validity of the shrinkingcore model rate expression for the oxidative roasting of the natural low grade zinc sulfide concentrate with air was verified by first plotting the curves of Fig. 5 according to eq. (2), as shown in Fig. 6 . Examination of the figure reveals that the rate data follow relatively well eq. (2). Although that, there are slightly disagreements between the experimental and fitting data due to the effect of the formation and dissociation of sulfate compounds like ZnSO 4 and FeSO 4 during the oxidative roasting as explained previously. In the Fig. 6 , the values of the slopes were calculated by regression analysis. Here, straight lines with high-correlation coefficient (r > 0:994) were selected to represent the possible controlling mechanism. 
